Particle-particle interactions are of paramount importance in every multi-body system as they determine the collective behaviour and coupling strength. Many well-known interactions like electrostatic, van der Waals or screened Coulomb, decay exponentially or with negative powers of the particle spacing r. Similarly, hydrodynamic interactions between particles undergoing Brownian motion decay as 1/r in bulk, and are assumed to decay quickly in small channels. Such interactions are ubiquitous in biological and technological systems. Here we confine two particles undergoing Brownian motion in narrow, microfluidic channels and study their coupling through hydrodynamic interactions. Our experiments show that, in contrast to expectations from current theoretical understanding, the hydrodynamic particle-particle interactions are long-range and non-decaying in these channels. This new effect is of fundamental importance for the interpretation of experiments where dense mixtures of particles or molecules diffuse through finite length, water-filled channels or pore networks. Molecular diffusion inside channels and pores is relevant for a wide range of phenomena in natural systems [1] as well as technological applications [2, 3] . For example, biological channels that transport antibiotics are under intense investigation due to their importance for drug transport [4] . Diffusing molecules inside protein channels are closely confined, leading to single-file diffusion with hydrodynamic interactions playing a role even at these nanometre length-scales [5, 6] . Transport through protein channels can be mimicked by colloidal particles and microfluidics chips [7] that confine particles to a 1D diffusion [8] . Such particles undergo a random walk in one dimension driven by Brownian motion, where the corresponding diffusion coefficient critically depends on the geometry of the confinement [3, 9] .
Molecular diffusion inside channels and pores is relevant for a wide range of phenomena in natural systems [1] as well as technological applications [2, 3] . For example, biological channels that transport antibiotics are under intense investigation due to their importance for drug transport [4] . Diffusing molecules inside protein channels are closely confined, leading to single-file diffusion with hydrodynamic interactions playing a role even at these nanometre length-scales [5, 6] . Transport through protein channels can be mimicked by colloidal particles and microfluidics chips [7] that confine particles to a 1D diffusion [8] . Such particles undergo a random walk in one dimension driven by Brownian motion, where the corresponding diffusion coefficient critically depends on the geometry of the confinement [3, 9] .
Brownian motion is caused by thermal fluctuations of the solvent molecules that transfer momentum impulses * email:km558@cam.ac.uk † correspondence: ufk20@cam.ac.uk to these Brownian particles [10] . Their resulting movement is damped by the surrounding liquid with a drag force proportional to the velocity of the particle [5, 11] . Meanwhile, the particle displaces the liquid inducing a flow field extending over many particle diameters [12] . This flow mediates a long-range hydrodynamic interaction between Brownian particles with its strength decaying as 1/r, where r is the distance between two unconstrained particles in three dimensions (3D) [13] . However, the confinement changes the flow field in order to accommodate the rigid boundaries, thus modifying the decay rate of the interaction strength. For example, the interaction between particles constrained by two parallel plates (2D) decays faster at a rate of ∼ 1/r 2 [14] . This illustrates that increasing confinement usually decreases the interaction range.
While hydrodynamic interactions have been studied extensively in many geometries, finite narrow channels remain elusive [8] . 'Current theory' suggests the channel geometry confines the induced flow to curl around the particle, where its extent is about one diameter of the channel, 2R [5, 12, [15] [16] [17] . Consequently, the current theory predicts that the particle-particle interaction strength decays exponentially with their separation [15, 16] with no hydrodynamic interactions at large particle separations. However, direct experimental validation has proved difficult to attain. Previous attempts used microfluidic chips with a groove geometry for mimicking channels [8, 16, 18, 19] , where sedimentation kept the particles from escaping a microfluidic groove, but the liquid had no such constraint. The lack of controlled experiments in 1D confinement leaves many unanswered questions about the magnitude and spatial extent of hydrodynamic interactions inside narrow channels [8, 20] .
In this paper, we present the first measurement of the interactions between two Brownian particles inside a finite narrow channel, that confines both the particles and the liquid. Figure 1 illustrates our experiments, where the 'closed' channel, shown on the left, has only one end connected to a bulk reservoir, while the 'open' channel, shown on the right, has both ends connected. Here we will demonstrate a fundamental difference between diffusion in the open channel and the behaviour expected by the current theory, that we observe in the closed channel [12, 15, 16] .
The experiments are realised using microfluidic lab-ona-chip devices because they allow for direct imaging of particle motion. Inside the chip two large reservoirs are separated by a membrane containing closed ( figure 2a ) and open channels (figure 2b). All channels are 5−17 µm long and have semi-elliptical cross-sections with a height and width of approximately 800 nm that closely confine spherical particles of diameter 2a = 505 ± 8 nm. The resulting particle to channel size ratio is a/R ≈ 0.6, ensuring particles always move in single-file. Two additional large connections are positioned ∼200 µm away from the narrow channels allowing pressure equalisation between the two reservoirs. For the fabrication of the chips, we use focused ion beam, photo-lithography and replica moulding of polydimethylsiloxane (PDMS) [21] . Crucially, the PDMS chips are then oxygen plasma bonded onto a glass slide which provides a bottom wall confinement for the channels. Subsequently, we fill the chip with the polystyrene colloidal particles (Polysciences Inc.) dispersed in a 5 mM KCl salt solution that limits electrostatic interactions to a few nanometers.
A completely assembled chip is mounted onto an inverted, custom-built optical microscope with a high numerical aperture oil-immersion objective (×100; NA 1.4; UPLSAPO, Olympus). Using holographic optical tweezers [22, 23] we position two particles inside the channel, and then turn off the laser trapping which releases the particles and allows them to diffuse freely. Their motion is recorded using a CMOS camera (DMK-31BF03, Imaging Source) at a rate of 30 frames per second, until one particle escapes the channel. This procedure is repeated until at least 50, 000 image frames are acquired to minimise statistical errors. Afterwards, the particle trajectories are extracted from the images using standard image analysis techniques [24] . See supplementary videos S1 and S2.
For data analysis, we divide the trajectories into displacement steps between consecutive frames: ∆x 1 and ∆x 2 denote the displacements of the first particle (one on the left) and the second particle (one on the right), respectively. The two-particle interaction strength is expected to be a function of their separation, and therefore, we group the pairs of displacements according to distance between centres of the particles.
For the closed channel, figure 2c shows the displacements of the second particle (∆x 2 ) as a function of displacement of the first particle (∆x 1 ) . The distribution is circular with points distributed equally in each quadrant, suggesting the two particles move independently from each other. This agrees with the current theory that expects no particle interaction at the distance of 10a [15, 16] . In contrast, the distribution for the open channel, shown in figure 2d, is elliptical with the major axis along y = x and ellipticity of 0.75. This implies that the two particles move in the same direction more frequently than in opposite directions, suggesting the presence of long-ranged interaction between the particles. We quantify the interaction strength using the Pearson product-moment correlation coefficient defined as [25] :
, where cov is the covariance, and σ is the standard deviation. The value ρ = 0 indicates an independent particle motion and ρ = 1 corresponds to a fully correlated motion, i.e. as if the two particles were connected by a solid rod.
Figures 2e and 2f show the correlation coefficients as a function of the particle separation. Evidently, the correlation is stronger and has a longer range in the open channel. Upon closer examination of the closed channel results, we see a high correlation when particles are close to one another that exponentially decays to zero in a separation of ∼4a, as expected by the current theory. Therefore, we fit a phenomenological model, y = A exp(−x/B) + C, that captures the decay rate and has an additional offset parameter. The fit yields B = 0.15 ± .02 µm, C = 0.005 ± .004. We have introduced the offset to characterise the novel behaviour observed in the open channel. As evident from the data, the correlation coefficient exhibits the same initial exponential decay, but in a stark contrast, it asymptotes to a constant offset. This finite correlation coefficient is captured by the fit to the phenomenological model, yielding B = 0.14 ± .02 µm, C = 0.419 ± .005. This constant, non-decaying component is not expected by the current theory. Furthermore, the correlation persists even at the largest measured distances, suggesting that the two particles interact when both are inside the open channel.
To the best of our knowledge, this is the first account of such distance-independent interactions between Brownian particles. Evidently, the long-ranged two-particle correlation coefficient decreases with the channel length. Inset illustrates the proposed model for long-ranged hydrodynamic interaction.
We further investigate the effect of the channel length on the particle-particle interaction strength. Figure 3 shows the correlation coefficients for open channels of lengths L = 5, 10 and 17 µm. The data clearly indicates that the interaction strength decreases with L. In the longest channel, shown as circles, we observe particles interacting at separations of more than 40a. This is the largest relative distance measured between interacting Brownian particles, even exceeding the ∼20a separation measured in bulk [13, 26] . This is a surprising result because the geometric confinement typically reduces the maximum interaction distance [12, 16, 26] .
Based on our observations we propose a hypothesis for the long-range interaction mechanism, that is schematically illustrated in the inset of figure 3. Suppose the first particle, shown on the left, moves to the right due to a thermal momentum impulse. Its motion induces a flow that is constrained by the channel geometry to flow either around the particle or along the channel. Importantly, the latter flow has been previously neglected [5, 12, 15, 16] because the studies considered infinitely long channels, in which the finite pressure exerted by the moving particle cannot displace an infinite liquid column. In contrast, we argue that for finite open channels flows extend throughout the whole channel. Consequently, the induced flow along the channel has a constant mean flow velocity that is proportional to the driving force, i.e. the first particle's velocity [12, 27] . This flow encounters the second particle, shown on the right, and exerts a viscous drag force on it. The magnitude of this force is a function of flow velocity [28] and thus also a function of the first particle's velocity, but is independent of the particle positions. The opposite case of the second particle moving can be inferred by symmetry, and the final interaction is a combination of the two cases. This gives rise to the particle-particle interaction that we observed with our correlation coefficient measurements and also explains why the value is distanceindependent in open channels. On the contrary, in the closed channels, the dead end blocks the flow along the channel, thus eliminating the long-ranged hydrodynamic interaction. Therefore, our hypothesis qualitatively explains the long-ranged interactions observed in the open channels.
We now use this hypothesis to construct an analytical model that sheds light into the physics of the interaction. The model focuses on physical scalings and omits detailed numerical pre-factors from the presentation. Our goal is to estimate the typical mean flow velocity in the channel resulting from the motion of one particle.
Consider a spherical particle of diameter 2a located in the centre of an open cylindrical channel of radius R and length L. We assume that the particle moves instantaneously to the right with velocity U . The fluid displaced by the particle must either be pushed along the channel to the right channel end, with more fluid drawn in at the left, or leak from right to left through the thin gap between the particle and the channel wall. The pressure increase across the sphere, ∆p, is proportional to the flow rate in the channel, Q, according to Poiseuille law
where µ is the dynamic viscosity. We neglect any hydrodynamic resistance due to the recirculation from the exit of the channel to the entrance, equivalent to imposing a periodic boundary condition. Mass conservation around the moving sphere (in the frame moving with the sphere) leads to
where q is the leakage flux through the thin gap between the sphere and the channel. It is approximately given by lubrication theory [29] q ∼ −U h − ∆ph
where h ≡ R − a is the minimum gap width, and l 0 ∼ (ah) 1/2 is the characteristic lubrication length-scale. Combining these equations and taking the limit h R, we obtain the flow rate
Combining with the mean flow in the channel, u ∼ Q/R 2 , we get the final expression
Our result shows that the mean flow in the channel is non-zero, but a function of the channel dimensions R and L. Importantly, if R is held constant our model reproduces the observed decrease with the channel length -scaling with 1/L. The long channel limit (L → ∞) gives no external flows (Q = 0) equivalent to the closed channel case as expected.
In order to quantitatively capture the experimental results, we turn to the use of numerical simulations. Using finite element analysis software (COMSOL Multiphysics v4.4) [9] we solve the Stokes equations for two spherical particles inside a cylindrical channel with a diameter chosen such that the areas match the experiment parameters. Periodic boundary conditions are set on the ends while all other surfaces were set to no-slip boundary conditions. We apply an instantaneous velocity on one particle and calculate the resulting drag forces on both particles. A velocity independent measure of these forces is known as a friction matrix (ζ) [27, p. 226 ]. For the two particle system in 1D it is a 2 × 2 symmetric matrix, where the diagonal terms (ζ 1,1 ; ζ 2,2 ) describe hydrodynamic drag experienced by the moving particles (first; second), and the off-diagonal elements (ζ 1,2 = ζ 2,1 ) correspond to a force exerted by the moving particle on the other particle. In essence, the friction matrix is an alternative to the correlation coefficient for quantifying the particle interaction. The friction matrix values are computed directly from the numerical simulation. In addition, the friction matrix can be obtained from the experiments using a diffusivity matrix, [30] . This allows us to compare the hydrodynamic interactions predicted by our simulation with the measured data.
Figures 4a and 4b illustrate the typical flow patterns computed with our simulation. Notice that the flow in the closed channel curls around the particle and does not extend far into the channel. This contrasts with the open channel, where the flow around the particle is weaker and there is a Poiseuille flow along the whole channel length. This moving fluid column exerts a force on the second particle that gives rise to the interaction. Figures 4c and 4d show a quantitative comparison between the numerical simulation and experimental data, where the solid lines indicate the simulation results and the points indicate the experimental values. The friction with the channel walls is the same for both particles, leading to the overlapping curves (ζ 1,1 and ζ 2,2 ). Meanwhile, the interaction force (ζ 1,2 ) asymptotes to a non-zero value for the open channel only, similar to the correlation coefficient that was reported above. At small separations the discrepancy between the simulation and experiments is likely caused by electrostatics and finite frame rate. Meanwhile, at large separations the values compare very well, with the largest discrepancy below 20%. This is very good agreement given the approximations made about the channel's shape and width.
The agreement between the numerical simulation and the experimental data suggests that the proposed hypothesis captures the physics of non-decaying interactions between the Brownian particles. Crucially, this interaction requires flow through the ends of the channel, that is attained by keeping the two reservoirs at equal pressures. In our experiments, the pressure equalises via liquid recirculation through the secondary large channels placed far away from the narrow channel. In biological cells, this can happen through the membrane or through dedicated water transport protein channels known as aquaporins [1] . In porous materials, the pressure can equalise through other interlinking channels [2] . In fact, we expect the effect to persist in any system where reservoirs can communicate through some pressure exchange mechanism.
Our observations have far-reaching implications for diffusion processes inside channels. One of the predictions from our model is that the viscous drag on particles is smaller than the current theory expects for narrow channels (figure S5). We therefore performed an additional experiment that measured the diffusion coefficient of a single particle inside an L = 10 µm open channel (method [9] ). The measured diffusion coefficient is indeed 40% higher than the current theory expects [5, 12] : D x /D 0 = 0.126 ± .006, where D 0 is the diffusion coefficient in the bulk ( figure S6 ). This potentially explains the experimental discrepancies noted in previous stud- ies for channels with similar dimensions [9, 31] . Because the diffusion coefficient is important for predicting transport rates, our results directly impact channel transport models [32] . Moreover, the long-ranged interaction between particles should lead to a cooperative behaviour that could enhance transport across channels. Also, since the interactions are not limited to two particles, they should persist for channels filled with three or even more particles. This makes our results especially relevant for polymers in confinement because the monomers can interact non-locally [33] , and also for single-file diffusion where many closely confined particles can exhibit subdiffusion [8] .
In conclusion, we utilised a highly controlled microfluidic system coupled with holographic optical tweezers to investigate the interaction of particles in confinement. Our measurements prove that interactions extend over the full channel length and have a constant strength that does not decay with particle separation. We explain the coupling mechanism using hydrodynamics with both a qualitative analytical model and quantitative comparisons with the numerical simulations. The excellent agreement between the theory and experiments suggests that we fully understand the properties of hydrodynamic particle interactions in microfluidic channels. The longrange interaction extending throughout the whole channel has important implications for the modelling of transport through channels as well as for the interpretation of experiments investigating particles diffusing in close confinement.
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